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Section 1
PURPOSE

This project is concerned with the study of the conversion of solar energy into electri-
cal energy by means of closed-cycle chemical systems In the form of rcgenerative

fuel cells.

Solar energy may be used either in the form of thermal energy or as electromagnetic
radiation (photons) to reverse the direction of a normally spontaneous reaction. This
project has been divided into two separate tasks. Task A deals with thermally regen-
erative systems, and Task B deals with photochemically regenerative sysiems.

1.1 TASK A, THERMALLY REGENERATIVE SYSTEMS

The program under Task A has been directed toward a study of the properties of the
cadmium, lodine chemical system for use in-a closed-cycle system. In such a cycle,
the cell reactants Cd and I2 are regenerated from the cell product Cd I2 in a thermal

reactor heated by an external energy source, e.g., solar energy or nuclear energy.

As pointed out by de Bethune (Ref. 1) and Eisenberg (Ref. 2), the desirable thermo-

dynamic properties for a regenerative fuel cell reaction are as follows:

® A negative free energy, AFa, for the fuel cell reaction
o A large negative entropy
. ACp as close to zero as possible

As reported earlier (Ref. 3), AF at 500°K for the reaction
Cd + 12 — Cd I2

is -45.9 kecal, ASso0ek = ~-28 eu (subsection 4. 1.2). The value of ACp has not been

calculated for this process.
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Because of the apparent advantages of the Cd Iz system, the experimental program
has been concerned with a study of this compound. Phase 1 is concerned with theoret-
fcal considerations of thermodynamics and kinetics. Phase 2 is an experimental pro-
gram on the elcctrochemical characteristics of the fuel cell. Phase 3is a study of
the high-temperature decomposition of Cd Iz. Phase 4 will be an attempt to build a

complete experimental regenerative system.
1.2 TASK B, PHOTOCHEMICALLY REGENERATIVE SYSTEMS

Task B s directed to thc study of photochemically actlve systems for use in closed-
cycle fuel cell systems and is concerned with bulk effects or photogalvanic effects
rather than surface or photovoltaic effects. The experimental program is designed to
study the effect of the parameters of the system on the photoinduced electrochemical

effects and the efficlency of energy conversion.

Phase 1 is an exploratory program designed to discover photosensitive chemical sys-
tems and includes Investigation of water soluble dyes, insoluble dyes and inorganic
materials. Phase 2 Is the study of the kinetics of the reactions involved, and Phase 3

Is the assembly and study of experimental regenerative systems.
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Section 2
ABSTRACT

The effect of temperature, pressure, and electrolyte composition on the Cd I fuel
cell are reported and the thermodynamic slgn!flcance discussed. A power denslty of
56 mw/cm of anode area and 126 mw/cm of cathode area was obtained. The AE/AT

was measured and the entropy change calculated.

The studles on photoregenerative chemical systems included the exploration of insoluble
organic dyes and inorganic complexes as well as the more usual water-soluble dyes.
The insoluble dyes proved to be very advantageous. The rates of reaction and the mag-
nitude of the photopotentials are much Improved. Spectra, quantum efficiencies, and
the effect of wavelength, light Intensity, temperature, and electrolyte composition on
the photoinduced properties are reported for one of the insoluble dye systems. A two

cell experimental regenerative system has been operated for 90 days.

The effect of halide salts on the quantum efficiency of photobleaching of the proflavin-

ascorbic acid system is reported and discussed.

Photopotentials of some Werner-type complexes were measured.

LOCKHEED AIRCRAFT CORPORATION MISSILES and SPACE DIVISION
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Section 3
PUBLICATIONS, LECTURES, REPORTS, AND CONFERENCES

3.1 PUBLICATIONS AND LLECTURES

H. Silverman, W. Momyer, and M. Eisenberg, Solar Regenerative Gaivanic Cells,
Part II. Presented by W. Momyer at the XVth Annual Power Sources Conference,

Atlantic City, N. J., 9 May 1961.
3.2 CONFERENCES

J. Murphy, of Army Signal Research and Development Laboratory, and M. Eisenberg,
J. Inkster, and H. Silverman of Lockheed Missiles and Space Division met 22 and

23 March 1961 to discuss future ohjectives of the project. It was suggested that greater
emphasis be placed on the thermal regenerative system. Since that time, a TWX has
been received requesting phasing out of the photochemical research by 1 September 1961.
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Scetion 4
FACTUAL DATA

4.1 TASK A, THERMALLY REGENERATIVE SYSTEM

The purpose of Task A is to earry out research on systems, which may be suitable for
use in thermally regenerative galvanic systcms. On the basis of preliminary thermo-

dynamic calculations (Ref. 3) the cadmlum, lodine system appeared most promising.

The experimental program under this task is eonecrned wi.th

e A study of the clectrochemical parameters of a fused-salt cell based

upon the reaction

Ccd + 12 —-CdI2

e A study of the effect of temperature and pressure on the operation of

the ecll
o A study of the cffect of the clectrolyte composition on the ecell behavior

e A study of the thermal decomposition of Cd 12

The experimental program has thus far been concerned with those parameters most
likely to affect the operation of a fused-salt fuel cell, i.e., temperature, pressure,

and electrolyte eomposition, as well as an analysis of the results.

4.1.1 Experimental Procedures

All chemicals are reagent grade, vacuum dried, and stored in a dessicator until used.
The fused-salt fuel cell apparatus was described in a previous rcport (Ref. 3). All
measured potentials are referred to a Cd, Cd I2 electrode. The apparatus designed

for the study of the high-temperature decomposition of Cd 12 is shown in Fig. 1.

L
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GLENCH TONE CONTAING MOLTEM Cdly 14007 Cf
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HEAT EXCHARNGE ARES AT CECOMPCSITION g
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cd}, CHARDE CONTRINER (400° T

Fig. 1 Apparatus for Studying Decomposition of Cd 12
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The Cd I, Is contained in a vessel from which it is vaporized into the heat exchanger
maintained at 1000°C by a Kanthai heating clement. The gases pass up through a
capillary and into a quench zonc. The quench bath is molten Cd I,. The condensed
metal scttles to the bottom of the heat exchanger and quench zone and eventually over-
flows into the collection vessel. The lodine Is trapped in a vessel and the excess

Cd 12 overflows into another, from which it may be vcturned to the charge container.
4.1.2 Effect of Temperatnre on the Cadmium, Iodine Galvanic System

Open-circult voltage and current-potential curves were ohtained for cadmium, iodine
fuel cells operated over a temperatuvi range from 370°C to 480°C. The variations of
the cell voltage at open circuit and the ccll voltage and electrodc polarization at a
current density of 50 ma/cm2 with temperature arc shown in Table 1. A plot of the
open-circuit voltage and ccll voltage at 50 ma/cm2 as a function of the absolute tem-

perature is shown In Fig. 2.

It can be seen that as thc temperaturc Increascs, the open-circuit voltage and polariza-
tion decrcasc until at about 520°C (793°K) thcre is virtually no polarization at a current
density of 50 ma/cmz. Unfortunatcly, at this temperature,the clectrolyte and the cad-
mium metal become so misciblc that it is difficult to maintain the cadmium as a sepa-

rate laycr.

The AE/AT obtained from the slope of the plot of open-circuit voltagc (OCV) versus
temperature is -0.458 mv/deg. Since

dAFY _
(ﬁ) = -48
i)

and

AF (cal ) = -E - n* 23,060

LOCKHEED AIRCRAFT CORPORATION MISSILES and SPACE DIVISION
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EFFECT OF TEMPERATURE ON THE ELECTROCHEMICAL

CHARACTERISTICS OF THE Cd 12 CELL(®)

Zero Current 50 ma/cm?
Tem Cell Cell Anode Cathode
Run e C)p Voltage Voltage Polarization Polarization

v) v) v) (v)
43 370 0.882 0.38 > 0.40 >0.40
44 370 0.888 0.28 > 0.40 > 0.40
55 415 0.875 0.50 0.48 0.10
58 415 0.867 0.40 > 0,40 0.08
61 480 0. 841 0.70 0.06 0.10
65 480 0.842 0.70 0.09 0.06

(a) lodine Pressure: 31 in. Hg
8
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Fig. 2 The Effect of Temperature on Cell Voltage

9
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Then .
8_53'1_‘2 = = %}Iﬁ--n- 23,060 = -AS
or
-AS = 0.458 - n + 23,060
AS = -21.2 eu
fat

The value of the function

AF-—AH%S

for the reaction
Cd(s) + 12 (g) — Cd 12 (s) (i)

has been estimated to be 33.3 cal at 700°K (Ref. 4) and AH298 is reported to be
-63 kcal. Thus, AF700°K is calculated to be -40. 0 kcal. The emf of the reaction Vr

is given by the relation

= _Aar
Ve T ng

and is equal to 0. 87 volts at 700° K compared to the measured value of 0. 86 volts uncor-

rected for activities. By rearrangement of the Gibbs-Helmholtz equation it can be shown

a(nIv )
a8 =\ /,

that

10
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The entropy change at 25°C, AS 298 for thie reaction
Cd(s)ygg ¥ Ty(®)ggg — Cd 1y(s)yoq

Is reported to be -35.1 (Ref. 4).

The entropy change for the reaction

Cd(r) + Iz(g) - Cd Iz(r)

is obtained by summing the following processes:

Calf)ygpe = Cd(S)y0g AS = -8.13 eu (Ref. 5)
Iz(g)7ooo - Iz(g)298 AS = -7.62 eu (Ref. 5)
Cd 12(5)298 — Cd Iz(i)rzooo AS = 23.1 eu

This last value is estimated from the value of the entropy change in raising the tem-
perature to 1000°K SIOOO° _8298 , reported by Quill (Ref. 4) to be 32 eu,and correcting
for the entropy change in cooling from 1000°K to 700°K by the equation

700° dT
f =S5

As = Cp T

1000°
Cp is estimated to be approximately equal to that of Hg 12 or 25.0 (Ref. 4). The
overall entropy change is calculated to be -27,8 eu. While this is appreciably larger
than the experimental value of -21.2 eu reported above, it must be remembered that
deviations from unitactivity were notcorrected. Sincea large temperature coefficient
of free energy is a desirable property in a regenerative system (Ref. 3), this entropy

value is encouraging.

11
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4.1.3 Effeet of Pressure on the Cadmium, lodine Galvanie System

Without changing the electrode or the clectrolyte, the applied iodine pressure was varied
and the elfeet on the operating characteristics of the cadmium, iodine fuel cell was
determined. As expeected, the anode potential was unaffected while the eell voltage and

cathode polarization, as shown in Fig. 3, were found to optimize with inereasing pressure.

Pressure has two major effects on the operation of a fuel cell: 1t affects the reversible
potential of the gas diffusion electrode, where changes in pressure will affeet the fugaelty

of the volatile eomponents of the electrode. Since this effect is a funetion of the logarithm

of the pressure
: - _RT
E = Eo ng In Py

little effect on the reversible potential would be expeeted over the range of pressure
studied. The second cffect is a kinetie effect and depends upon the physics of porous
electrodes and the kinetics of transport processes. Thesc problems have been discussed
by Justi and co-workers iRef. 6) and Eiscnberg (Ref. 7). The quantitative aspeets are
beyond the scope of this work. However, it can be qualitatively deduced that as the pressure
increases, the number of active pores in the porous electrode will inerease and the gas
side concentration polarization will deciease. The net result is a decrease in polarization
at a given current density with increasing applied pressure. However, as the pressure
continues to increase, the number of active pores will pass through a maximum (Ref. 3).
aﬁd the polarization will increase again. Thus, a plot of polarization versus pressure
should exhibit 2 minimum, which is dependent upon the pore structure of the electrode.

It is apparent from the results shown in Fig. 3 that the optimum pressure has not been

reached.

4.1.4 Effect of the Cd I,, Concentration on the Eleetrolyte on the Cadmium, Iodine
Galvanic System

Polarization data were obtained at 410° C and an iodine pressure of about 32 in. Hg for

cadmium, iodine fuel cells as a function of the concentration of cadmium lodide in the

12
LOCKHEED AIRCRAFT CORPORATION MISSILES and SPACE DIVISION



2-52-61-1

ooz

danssaad aulpo] jo uoydung e se a3e3[0A 112D pue UolBZlIB[Od 2poylred ¢ °Sij
(zN2/¥W) ALISNIO LNIHHND

o0l 08 09 or oz o 8 & b 2
T 1 1 1 - T T T o
1" & — onzo
b i
HE o
FHNES3IHd 1 DBWAS
INIHEND ONISYIHIZO0 SI08WAS 035010
ANIHEND ONISYIMONI 'STOBWAS NIdO -] GorD
s WD EE ‘YIHY IAONY
2WND B'F) yIWY 300HLYD
Sedle ITHNIYHIIWNIL T30
PO|3LAT0HLI373 F1P0| (D)%
— GO0
{5807 H] Q4 03L3IHEOD) :
IBVLI0OA 113D -] oG8
[elnlai!

(SL70A) 39V1LI0A 113D

13

MISSILES and SPACE DIVISION

LOCKHEED AIRCRAFT CORPORATION



' I . - 3

electrolytc. The results obtained are summarized in Table 2. The results indicate that
the open-circuit voltage of the cell remains fairly constant at 0. 869 +0. 007. However,
it is apparent from Fig. 4 that at a current density of 50 ma/cm2 the cell voltage goes
through a maximum at approximately 65 mole pcrcent cadmium iodide. These results

are as expected and are explained as follows.

The variation of concentration of the Cd I, would not be expected to change the thermo-
dynamic or open-circuit cell voltage appr;ciul)ly, since this varies only as the log of the
concentration. However, as the composition of the clectrolyte deviates from the eutectic
or minimum melting point composition, it would be expected that the viscosity of the
electrolyte would increasc and the mobility of the jons decrease. This is reflected by

an increasc in concentration polarization. Further, since Cd 12 is only slightly ionized,
it is a relatively poor conductor. As a result, the resistance of the electrolyte at

85 mole percent Cd 12 is appreciably higher.
4.1.5 Qualitative Results on Decomposition Studies

The batch-type thermal regenerator used for the study of the decomposition of Cd I is
illustrated in Fig. 1. Initially, this apparatus was assembled with opaque quartz pebbles.
However, on heating, the opaque quartz absorbed heat and expanded faster than the vycor
and the vycor tube was shattered. The apparatus was reassembled with vycor helices

and was successfully heated and cooled without any mishap. A small amount of iodine
was collected, but before any quantitative results could be obtained a power failure caused

the vycor tube to crack.
4.2 TASK B, PHOTOCHEMICALLY REGENERATIVE SYSTEMS

This task, concerned with photoregenerative galvanic systems, has, until recently, con-
centrated on soluble organic dyes. The main feature of the work during this report period

has been the study of inorganic photosensitive chemicals and insoluble dyes deposited on inert

electrodes.

14
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2-52

a2 23nd

EFFECT OF THE CONCENTRATION OF CADMIUM IODIDE
IN THE ELECTROLYTE ON THE Cd 1, CELL®)

61-1

Cd Iy Current Density (50 ma/cmz)
Concen- | Open Circunt Cell Voltage z\ngde . Cathode pcll
Run tration Voitage Polarization | Polarization |Resistance

mole ® | () m® ) v) @
nr-87 50 0.879 0.52 0.10 0.03 0.082
HT-88 50 0.875 0.80 0.14 0.03 0.093
nr-67 60 0.865 0.85 0.11 0.01 0.092
HT-68 60 0. 853 0.85 0.08 0.04 0.084
H'T-69 60 0.858 0.84 0.07 0.05 0.089
HT-84 75 0. 865 0.82 0.07 0.01 0.051
HT-85 75 0.875 0.81 0.08 0.04 0.069
HT-86 75 0. 865 0. 84 0.08 0.04 0.100
HT-79 85 0.875 0.68 0.10 0.07 0.102
HT-81 | 85 0.875 0.62 0.16 0.09 0.126
HT-82 85 0.875 0.76 0.13 0.08 0.134

(@) Temp 412°C; lodine pressure 31 in. Hg
(b) Corrected for IR drop

(c) Anode area: 33 cm2; Cathode area: 14.6 cm2; Cell voltage is recorded at cathode
current density indicated

LOCKHEED AIRCRAFT CORPORATION
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The success achleved with heterogeneous photosensitive elements has caused a major
shift of effort from water-soluble dyes although some work to complete various facets

of the rescarch with water-soluble dyes was performed.
4.2.1 Dye-Coaicd Elecirades

A heterogencous photosensitive chemical system where the photosensitive chemical

exists in the solid state offers several advantages. The major advantage Is the increased
activity of the dye. Deposited on the clectrode, the dye has unit activity. In solution,

the activity Is limited by the solubility of the dye and is ahout 10_3M. Other advantages are
that the dye is isolated and therefore does not interfere in the subsequent reaction in the
dark cell, the diffusion path of the photoactive specles is much shorter, and high quantum

efficlencies have heen reported for systems of this type (Ref. 8).

The properties of a dye-coated electrode dipping into an electrolyte may be likened to a
p-n junction type of solar cell. The dye is considered to be a p~type semiconductor and
the electrolyte with reducing agent n-type. The losses of efficiency may now be compared
to that of a solar cell. Kleinman (Ref. 9) and Wolfe (Ref. 10) assigned losses of efficiency

in solar cells to the following:

¢ Reflection losses. This is a surface effect and with dye systems is probably very
low.

o Absorption of only part of the solar spectrum.

o Utilization of only part of the energy of the incident photon in the excitation step.
Only those photons whose energy is equivalent to the threshold energy can be
completely utilized. Encrgy in excess of that needed to excite the electron is
dissipated as heat.

e Incomplcte collection of the current carrying particie. Applied to the dye system
this is due to radiative decay or collision with foreign particles before reaction

with the reducing agent can take place.

17
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e Junciion loss, the difference between the theoretieal energy gap and the observed
open-cirenit voltage, Is due to diffugion of charges across the p-n Junctian,

e Resistive losses

Experimental procedures. in general, the procedures were as described In previous

semlannual reports (Ref. 3).  The speetal techniques used to study dye-coated clectrades

are described below,

The coated ¢lectrodes were prepared by dipping a platinum foil ¢leetrade, whieh had
previously been fired to o red heat, into a saturated methanol solution of the dye. The

electrode was then dried in air.

Working electrodes for use in sereening experiments were prepared by dipping sllver

screen into molten silver ehloride, All solutions were deaerated unless otherwise noted.

The quantum efficiencies of eleetron production were measured using a 596-myu Inter-
ference filter between the light source (Ref. 3) and the electrode, The Intensity of the
incident radiation was measured with a calibrated Eppley thermopile connected to a

Hewlett-Packard mierovolt ammeter. The fraction of light absorbed was caleculated by

the relationship
a=(1-T)@1+rT

where T is a measured quantity obtained by eluting the adsorhecd dye from the electrode
in a measured volume of methanol and measuring the fraction of light transmitted with a
Bechman DK-2 Speetrophotometer, and 1 is the refleetance of bright platinum. The
current flow was measured with a Weston microammeter. The ratio of faradays/see

emitted to einsteins/see absorbed is the quantum efficiency.

18
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The refleetance spectrum was measured by means of the apparatus sketehed in Fig. 5.
The absorbanee of the dye on the platinum was determined by the relationship
T pii = fraetion of refleeted light

= ammeter deflection due to light reflected (rom ecoated Pt
- ammeter deflection due to light refleeted from bare Pt

where I¢ (dye) Is the intensity of the light refleeted from the dye-coated surface and
I¢ (Pt) the Intenslty of light refleeted from the bare platinum surfaee.

[,(dye)
tog L,(Pt) ==&l

where £ is the absorbaney of the dye and 1 is the thickness of the dye eoating.

The wavelength dependenee of the photoindueed properties was determined by ealibrating
the power output of a Bauseh and Lomb monoehromator as a funetion of wavelength. A
Bell and Howell projeetor was used as the light souree and the emergent energy was
measured with a ealibrated Eppley thermophile. Both the exit and entranee slits of the
monoehromator were wide open to maximize the Intensity of light emerging from the
monoehromator. The experiments were earried out by replaeing the thermopile with a
cell oriented so that the emerging light was ineident on the dye-coated electrode. Current

and potentlal were measured as a funetion of wavelength.

The intensity dependenee of the photoindueed properties was measured by introdueing
a series of neutral gray filters between the projeetor and the eleetrode. The light

intensity was measured with the thermopile and the eurrent and potential reeorded at each

intensity.

Power experiments were performed as deseribed previously,
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Spectra of Victoria Blue B. The large majority of experiments with dye-coated
electrodes used Victoria Blue B (VBB). a waxoline dye with the structure

N(CHy),

N(CHS)Z \ /

Absorption spectra of Victoria Blue B dissolved in methanol and of Victoria Blue B
deposited on glass as well as a reflection spectra of dye deposited on platinum were
measured. The spectra are reproduced in Fig. 6. The notable features of these‘ spec~
tra are the broadening of the absorption peak when the dye is absorbed on glass, and

the shift'of 15 mu toward the red for the reflectance spectrum.

The spectra exhibit fairly wide absorption bands in the visible and the dye will probably

absorb from 25 to 40 percent of the sun's incident energy (Ref. 11),

' 21
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Fig. 6 Spectra of Victoria Blue B
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The threshold wavelength is about 700 mp.  The energy content of 1 mole of quanta,

which is an einstein, is given by the relation

4
2.86 » 10
(i) keal

Nhy =
where N Is Avogadro's number, v is the frequency of light, and h, Planck's constant
(6. 624 x 10'37 erg sec). Thus at 700 ny, 1 einstein is equivalent to

2.86 % 10"

700 = 40.8 keal

The voltage equivalent of this energy is given by

40. 8 koal
¢="ng

where n is the electron exchange per molecule and F the faraday (-23. 060 kecal/volt
equivalent). Assuming a l-electron change the maximum photopotential, i.e., change of
potential due to absorption of light quanta, to be expected is approximately 1. 8 volts

assuming a thermodynamically reversible reaction.

Measured photopotentials range around 0. 450 volts or about 10.4 keal. Part of this loss
is represented by the difference in energy levels between the ground state of the dye and
the reducing agent and also the difference between the excited singlet state and the

metastable triplet state to which the dye decays before reacting. Other losses involved

were discussed above. The efficiency of energy absorption is ig; % 100 or about

25 percent.

Effect of electrolyte composition. Dye-coated electrodes, in contrast to results obtained

with soluble dyes, exhibit large photopotentials in the absence of reactive species in the

electrolyte. Thus, a VBB-coated platinum electrode will develop a photopotential of about

0.4 volts at pH 7.0 in a deaerated solution (dark potential = 0.240 volts and photoinduced

23
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3

potential = -0, 192 volts versus Ag/Ag Cl electrode). However under these conditions

only negliglble currents could he obtained.

The addition of various Inovganic redox couples were found to influence the direction
and the magnitude of the photopolential of VBB-coated electrodes as shown in Table 3.
The dark potential follows the standard potential of the inorganic reagent, whlile the
photopotential and the photoinduced potential pass through maximum values. The
maxima are apparently the result of an appreciable dark reaction between Eu++ and
VBB as evidenced by a large dark current, and resulting in the reduction of some of
the dye. It will be interesting to see the effect of reducing reagents with intermediate

standard potentials between Eu++ and Sn++.

For the systems described in Table 3, only Sn++ resulted in appreciable photo-
currents. However, on repeated cycling of this system, the photocurrent and the
photopotential decreased. Indeed, when equimolar solutions of Sn++ and SnH""+
were used, the result was a rapid irreversible photobleaching of the dye. This sug-

gests that the buildup of sntttt upon repeated cycling causes an irreversible bleach-

ing of the dye.

The failure of inorganic couples led to an investigation of ascorbic acid. At pH 1.0,
ascorbic acid did not produce any appreciable current, probably because the dissociated
acid is required for reaction. However, when the pH was increased to above 4, this
reagent proved to be very effective. Since dehydroascorbic acid, the assumed product
of the photochémical reaction, is known to undergo an irreversible hydrolysis above

pH 5 (Ref. 13), further investigation of this system was restricted to pH 4.0.

Concentration of ascorbic acid. Increasing the concentration of ascorbic acid was
found to increase both the photopotential and the photocurrent. As shown in Fig. 7,

both the dark potential and the photoinduced potential increase logarithmically with

the concentration of the ascorbic acid. However, the absolute slope of the photoinduced
potential, -50 mv/log [HZA] , where [HzA] is the concentration of the ascorbic acid,

24
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Table 3
THE PHOTOPOTENTIAL OF VICTORIA BLUE B-COATED
ELECTRODES WITH VARIOUS INORGANIC REAGENTS
;ﬁ'ﬁ:}ﬁ Dark ) Photoinduced(c) @)
. . (b) Potential Potential Eg °| Photopotential
Reagent(®) E* (v) ES (v) ) B, (V)
Cr207= -1.10 0.705 0.765 0. 060
Fe' -0.77 0.360 0.330 -0.030
cut -0.15 0.130 -0.047 -0.177
snt? : -0.07 0.041 -0.385 -0.426
Eut? +0.43 -0.320 -0.335 -0.015

(a) Concentration in all cases was 1 x’10-2 M/1 of species indicated plus trace of
oxidized form or reduced form. The pH was 1.0

(b) Ref. 12
(c) Potentials versus Ag, AgCl

@ B°y = Ef - B
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is lavger than that of the dark patential - 25 mv Nog [ll2:\] . The net result Is an
Increase In the photopotential.  The slopes would also Indieate that the potential deter-

mining step In the Hght 1s a 1=electron ehange tnvolving ascorblie acld whlle that In
the davk Is a 2-electron change assuming thal the potential dependence on the ascorbic

acld concentration I1s represented by o velatlonship stmifar in form to the Nernst

equatllon, c.g.,
£ - K- II‘%:- In Q

or its dertvative at 25°C

oK 59 my
dln Q n

holds, whiere E is the measured potenttal, K ts a constant related to the standard
potential, and Q Is a functloning of the concentration of ascorble acid, n. R, 9, and

T have their usunl meantngs.

In Flg. 8, current-potential curves for the VBB-coated electrodes as a function of
ascorbic actd concentration arc shown. The differences In the curves observed at

low current density merely reflect the variation of the zero current potentials of the
electrode with concentration as shown In Fig. 11. While at the limiting curvent, there
is little difference between the curves except at a 0.1 M/l concentration where the
limiting current is appreclably smaller. These current-potential curves indicate that

concentration polarization of some kind is limliting the currcnt output.

Effect of temperature. An Arrhenius plot of current at a fixed load versus temperature

{s shown in Fig. 9. The lincar results show that the current increases with tempera-

ture according to the cquation

. Ioe—AE /RT

where AE is the activation energy and the other symbols have their usual meaning.
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The activation energy calculated from the slope of Fig. 9 is 350 cal. The rather small

increase in current with temperature is more likely due to the change in conductivity

of the electrolyte than any other factor.

The photoinduced potentlial, E, . over the same range of temperatures changed 1.2

mv /deg. Since

Then

Since

and

Then

and the maximum efficiency of the fuel cell

= - 9(Es)
AS ng 9T

AS = -1 % 23,060 % 1.2 x 10

AS = -28 cu

AF = AH - TAS

AF measured = 10.4 kcal
AH298 = 10,400 - 298 (55)
= 18,650
AF

-3

AR (2), is equal to approximately

55 percent. This efficiency is further limited by the factors discussed previously and the
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fact that this is a regenerative cycle and should have a Carnot-type efficiency (Refs. 1
and 2), the upper and lower temperatures being calculated from the equivalent black-
body radiation of the light source and the operating temperature of the cell. A com-
plete discussion of the Carnot cycle as applied to photovoltaic effects is beyond the
scope of this report but is adequately presented by A. Rose (Ref. 14).

Wavelength dependence. The photoindnced potential and thus the photopotential were

found to be indepencent of wavelength. This confirms the threshold theory, which
states that the incident quanta must contain sufficient cnergy to excite the electron
and any energy above thls value ts wasted. However, the current and therefore the
power output is a direct function of the rate at which quanta ts ahsorbed and therefore
should be a function of Intensity and the percent of the incident energy absorbed. As

shown in Fig. 10, the relative power conversion,

(Current) (Potential)
: : —. Power Conversion Incident Power
Relative Power Conversion Max Power Conversion =~ Max Power Conversion '

follows closely the absorption spectrum.

Light intensity dependence. Light intensity was expected to have two effects. The

limiting current was expected to have a linear dependence on intensity and the open-
circuit steady-state concentration of the electrode active material was expected to
increase with intensity resulting in a logarithmic change in the zero current potential.

Figure 11 shows the variation of the logarithm of the current as a function of the
logarithm of the light intensity. The current is shown to increase Unearly up to a
light intensity of 100 mw/cm2 . The leveling off or saturation current is probably a
complex function involving many variables which have not yet been evaluated for this

process,

The variation of the photopotential as a function of the logarithm of the light intensity
is shown in Fig. 12. It can be seen that the photopotential is a monotonic function of
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Fig. 11 Limiting Current as a Function of Light Intensity
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the lHght intersity. The linear portion between 1 to 100 mw/cm2 has a slope of
0. 055 volts/log I > This could be explained by a Nernst-type relationship of the form
RT

B= By -l .

where I is the Hight intensity and the other symbols have their nusunl meaning. In

a¢
this case, the slope of the stralight Hue plot is 0059 . The actual slope of 0. 055
strongly suggests a veaction mechanism involving a 1-electron change as the rate

determining step.

Effect of the thickness of the dye coating. It was expected that as the thickness of the

dye coating increased a larger percentage of the Incldent Hght would be absorbed as

was found. However, the quantum yleld of electrons defined as

- faradays
¢)\ einstein

at a fixed load and at a wavelength A of 598 my decreased (Fig. 13). This is probably

a result of the increased diffusion path.

Miscellaneous dye-coated electrodes. Table 4 lists the results obtalned with various

dyes deposited on a platinum electrode. The dyes were chosen on the basls of similar

structure with known photosensitive materials and water insolubility. All of the dyes
except Sulfon Cyanine Blue G developed appreciable photopotentials with an ascorbic
acid electrolyte. However, only Aniline Blue, Victoria Blue R, and Victoria Blue B
developed ilppreclable photocurrents. This does not imply that the other dyes would

not be able to develop appreciable photocurrents with other reducing agents.
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Power experiments. Thus far, the maximum power density of a simple box eell,

using 2 M/1 of aseorbie aeid and Ag/Ag Cl worklng eleetrode was 135 pw Jem® at a
power input of 62 mw/cm 2. Thus the overall power converslon efficieney was only
0. 22 pereent. However, It must be remembered that the box eell experlments are
far from ideal and a large amount of energy is lost due to internal reslstance and

refleetions. It ls estimated that the aetual effieieney is greater than 1 pereent.

The VBB-coated cleetrode was assembled in i 2-eell regenerative power system as

deseribed in Ref. 3. The sehematic diagrams of the cells are

Cell 1
Vietoria Blue B (Pt) | Aseorbie Aeid Sn++++, Sn++, KF Pt
0.01 M/1 0.04 0.04 0.5
M/1 M/l MA
Cell 2 e v
Pt | Ascorbic Acid Sn++++, Sn++, KF Pt
0.01 M/1 0.04 0.04 0.5

M/1 M/1 M/l

In Cell 1, termed the regenerator because it is in this cell that the photoinduced reaetion
takes place, the eiectrode reactions are the production of dehydroascorbic acid and
stannous ion. In Cell 2, the dehydroascorbic acid is reduced to ascorbie aecid and the
gstannous reoxidized to stannic ion. This system operated for three months with a eon-
stant current drain of over 50 1 a from the dark cell (Cell 2) during light and dark
eycles. A eycle eonsisted of 20 min of light and 40 min of darkness. Current was

drawn from the regenerator (Cell 1) only during the light eycle.
Initially, this system developed a photopotential of 0.330 volts. The open-cireuit voltage

in the regenerator was 0. 180 volts and in the fuel cell 0. 150 volts. Current-potential

eurves for the fuel cell and the regenerator are shown in Figs. 14 and 15,
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After 43 days of cyeling, the regencrator was able to deliver 185 pa and operate at
a power denslty of 6.9 pw whilc the fucl cell delivered 75 pa and operated at a

2
power density of 3. 45 pw/em” .

4. 2.2 Solublc Dye Systems

Beeause of the decided advantages of dye-coated electrodes, a gradual phase out of the
Investigation of watcr-soluble dyes was started. The study of soluble dye systems
has served to establish the fundamental feasibility of the approach and to elucldate

some of the technical and operational problems Involved.

Experimental procedures. Quantum efflcicncies of photoblcaching were obtalned by
measuring the change of transmittancy per unit time when the system was illuminated
by monochromatlc light. The light sourcc was the usual Bell & Howell projector
passcd through a 443 mu Interfercnce filter for monochromatleity. The transmitted
light was passed through a Bausch & Lomb grating monochromator (33—86—40) to
filter out the fluorescent iight. The intensity of the incident light I:p was measured
with a calibrated Eppley thermopile. The Lucitc cells had an optical path length of
lcm. The rates were followed by rccording the change in transmittancy per unit time

of illumination and calcuiating the corresponding change in concentration using Beer's

iaw,

The cnergy absorbed by the dye is calcuiated by multiplying the incident encrgy I:p

by the fraction of energy absorbed
A0 =(1-T)

where T is the fraction of light transmitted

15

T
where I¢ is the transmitted light and I:’P is the incident light.
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Therefore,

The quantum efficiency is defined by the refation

dc _ .abs
Tdt T I(” ¢

where %% is the rate of change of concentration, !i:,,bs Is the energy absorbed, and ¢

Is the quantum efficiency. By definition

abs o
b =11
or
abs _ igﬁ
Id’ = I0 - P
¢
Therefore
abs _
I¢ =1 Ao
and
_de
dt
$= =
I¢A0

The limiting factor in the power conversion efficiency of the profiavine ascorbic acid
appears to be the rate of photobleaching. Since the rate is known to be most rapid at

PH 4 (Ref. 15), studies were made on the use of additives to increase the rate at this pH.

The most effective means of increasing the rate of the photochemical reaction would

be to enhance the rate of the singlet to triplet stdte transition (Ref. 15). It has been
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reported (Refs. 16, 17, and 18) that atoms of high atomic number will enhance this
transition by both intermoiccuiar (Refs. 16 and 17) and intramolecular (Ref. 18)
processes. For example,it wis shown (Ref. 18) that In halo-substituted aromatic
hydrocarbons the exeited singlet to tripiet radiationless transition is enhanced. The
order of effectiveness was foundtobe I > Br > ClI > F. This phenomenon has

been interpreted as an external perturbation of the spin orbit coupling In the 7 electron
orbitals. The atomic number of the perturbing atom is accepted as the fundamental
parameter for correiation of the perturbing effeet, I.e., the larger the atomle number

the greater is the effect.

The intermolecular effeet has been demonstrated (Refs. 16 and 17) with ethyl iodide.
In this case, the process was interpreted as a collisional perturbation of the spin
orbit coupling in the w eleetron orhits. This perturbation is not a result of formation
of strong complexes or diffusion controlled encounters, but rather a result of repeated

collisions within a solvent cage or energy trap within the solvent.

Applying this case to the proflavin-aseorbic aeld system, the effect of added halide
salts on the rate of photobleaching was studied. As shown in Table 5, with the excep-
tion of potassium iodide, the rate increases as expeeted. It is suspeeted that KI is
photoehemieally oxidized to iodine where it reaets with the bleaeched dye to reoxidize
it to the eolored form. The effect of eoneentration is more or less as expeeted; the

rate inereases to a maximum and levels off.
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Table 5

THE EFFECT OF ADDED HALIDE SALTS ON THE RATE OF PIIOTOBLEACHING
IN THE PROFLAVIN-ASCORBIC ACID SYSTEM(2)

Concentration
Salt (M/1) Relative Rate(b)
KF 0.1 1.0% .03
KCl 0.1 i.25%,02
KBr 0.1 2.3% .01
KI 0.1 1.1 .05
KBr 0.01 1.4 4 .02
KBr 1.0 3.9+ .01
KBr 1.5 3.5 % .01

(a) Solutions buffered with biphthalate at pH 4.
() Rate in absenee of added halide taken as 1.0.

Effect of dye eoneentration. A study wias made of the effect of increased dye eoneen-

tration on the quantum efficiency of photobleaching. It was first determined that Beer's
law held up to and including 2 2 x 10-4 M/! proflavin solution. The quantum efficiency
of photobleaching of a 2 x 1074 M/I solution was found to be 1 x lo—zm/einstein.

This is in agreement with Millich (Ref. 15) who reported that quantum cfficiencies of

a similar system increased with dye concentration to a value of about 1 X 10-2M/einstein

at a eoneentration of 2 X 10-5 M/1 where the efficiency leveled off.

Repenerative systems using proflavin-ascorbic aeid. Several attempts have been made

to operate completc regenerative systems incorporating the proflavin-ascorbic acid

system. The most successful system is represented schematically by

Pt | Proflavin  Ascorbic Acid KBr SnFg  SnFg Pt
0.0004 M/1 0.01 M/I 0.01 M/1{]0.04 M/l 0.04 M/1
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A photopotential of 0.05 volts wiis measured. The illnminated eell or regenerator
delivered eurrents of over 200 pa while the dark eell (fuel cell) delivered enrrents
in exeess of 30 pa. The maximnm power density obtained from the illuminated cell

was 0. 5 uw/cmz. This system was operated successfully for five weeks.

4. 2.3 Inorguanic Complexes

Photosensitivity of Werner-type complexes is well known although only a few quantita-
tlve observations have been reported (Refs. 19 and 20). Recently, Adamson and Sporer
(Ref. 21) reported on the photochemical reactions of some aqueons complexes of

Co III on Cr III oxidation states. These componnds were reported to form an exeited
doublet state whieh decayed to a metastable quartet, thus forming an analogons system
to the exeited singlet metastable triplet states of photosensitive dyes, and therefore

were considered an interesting subject for further study.

Experimental procedures. The Werner type salts were prepared according to literature

procedures:

e Co (NH3)6 (NO3)3 by the method of Wendt and Jander (Ref. 22). The
compound is a yellow crystalline material.

° [Cr (NHB)5 CI:I Cl2 by the method listed in Inorganic Synthesis (Ref. 23).

a Cis - |'_'Cr (cu)2 012] Cl- HZO also by a method from Inorganie Synthesis
(Ref. 24). The latter compound polymerized and it was not possible to

obtain in a crystalline form.

These compounds were tested for photogalvanic properties in the same manner as the

organic dyes (Ref. 3).

Results. The three compounds listed above were tested for photogalvanic effects with
a variety of reducing agents. As can be seen from the results listed in Table 6, large
photopotentials were obtained with chromium pentammine complex. However these

systems proved to be irreversible in the absence of oxygen. Further there was evidence,
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Table 6

PHOTOPOTENTIALS OF COMPLEX ION-REDUCING AGENT SYSTEMS

Table 6
PHOTOPOTENTIALS OF COMPLEN ION~-REDUCING AGENT SYSTEMS
Dark Photoinduced | ., Photo-
() (0 (©) Potential
@) Reducing Potential Potential E-E dark
Complex' Agent E. .. (v E(v) (v) pH Remarks
dark
Cis Cr(o:n)2 Ci, Cl ascorbic acid -0.054 -0. 106 =0.052 4 very reversible
Cr(.\’!—l.;)5 cicl, ascorbic acid -0. 198 -0.243 =0.045 4 ppt.
disodium ethylene-
diamine tetra-
acetate -0.032 -0.075 -0.043 7 irreversible
ascorbic
acid-F~~ -0.015 -0.053 -0.038 7 irreversible
ascorbic acid -0.060 -0.122 -0.062 7 slightly reversible
Fe * -0.144 -0.256 | -0.112 | 6 PRL.
hydroquinine +0. 165 -0.035 -0.200 7 slightly reversible
Fe*‘-hydroqulnlne +0.212 +0.011 -0.201 7 slightly reversible
Fe * +0.140 -0.068 | -0.208 | 7 irreversible
Fe+‘ & trace
ascorbic acid -0.036 -0.290 -0.254 7 irreversible
CO(NH.'!)G(NO:!).‘! EDTA +0.263 +0.263 -0.0 4
Fe' ~ +0.165 +0. 165 0.0 4
ascorbic acid -0.040 -0.040 0.0 4
Fe * +0.244 +0.260 | -0.03¢ | 2 irreversible
+ o+
Fe -0.017 -0.054 -0.037 6 irreversible
EDTA +0.205 +0.209 | -0.096 | &6 irreversible
(a) concentration were 0.014M, (b) concentrations were 0. 01M, (c) all potentials measured vs Ag/AgCl reference
electrode,
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belng disrnpted by the iight.

It Is of Intercst to note that the [Cr (NILy) . Cl] Ci,, complex changed from pink to
green and the Co (Nll.,) G (NO.’) 3 changed from yeiiow to pink, the colorvs,
respectively, af the hydrated Cr (1I) and Co (III) ions. Since the platiimm clectrode

l demonstrated by a color change upon prolonged lilumination, that the complexes were
I in contact with these soiutions became more ucgative upon lHumination, It 1s apparent

that the central atoms of the complexes are undergoing a photochemical reduction and

are subscquently reoxidized at the eleetrode.

Shnee it did not appear iikely that a regenerative system based on this class of com-

pounds could he developed, further work was abandoncd.
4.3 REFERENCES.

l. A, J. de Bethune, J. Electrochem. Soc., Voi. 107, 1960, p. 937

o

M. Eisenberg, Thermocynamics of Eiectrochemical Fuel Cells (to be published)

3. Lockhced Missiles and Space Division, Soiar Regenerative Chemical System

Report No. 3, by H. P. Silverman, LMSD-895034. Sunnyvale, Calif. (U)

4. L. L. Quill, The Chemistry and Metallurgy of Miscellaneous Materials:

Thermodynamics, New York, McGraw-Hill, 1950-

5. L. O. Brewcer, "Thermodynamic and Physical Propertics of the Elements," in
The Chemistry and Metailurgy of Miscellancous Materials: Thermodynamics,

ed. L. L. Quill, New York, McGraw-Hill, 1950

6. E. Justi, M. Pilkuhn, W, Scheike, and A. Winsel, High-Drain Hydrogen-

Diffusing-Elecctrode Operating at Ambient Temperature and Low Pressure,

Translated by T. E. Barton, Research Information Service, New York, 1959

7. M. Eisenberg, "Some Design Considerations for Fuel Cells," in Advances in

Elcctrochemical, Engineering, Irterscience, to he published in 1961

47

LOCKHEED AIRCRAFT CORPORATION MISSILES and SPACE DIVISION



8.

10.

11.

12,

13.

14,

15.

16,
17.
18,
19,
20.
21.
22.

23.

24,

LOCKHEED AIRCRAFT CORPORATION

P.

2-52-61-1

J. Hillson and E. Rideal, Proc. Roy. Soc. (London), Vol. A2-6, 1953,

pp. 458—476

D.

M

N.

A. Kleinman, Bcll System Tech. J., Vol. 40, 1961, p. 85

. Wolfe, Proc. I.R.E., Vol. 48, 1960, p. 1246

Rosenberg, Photochemical Processcs and Their Utilization for Energy

Conversion, Procecdings of a Seminar on Advanced Energy Sources and

Conversion Techniques, 1958, Astia, No.: AD 209301; Dept. of Commerce

O.

w

w

T.S. No.: PB 151461

. M. Latimer, Oxidation Potentiais 2nd Ed., New York, Prentice-Hall, 1952

. M. Clark, Oxidation-Reduction Potentials of Organic Systems, Baltimore,

The Williams & Wilkins Company, 1960

A.

Rose, '"Photovoltaic Effect Derived From the Carnot Cycle,” J. App. Phys.,

Vol. 31, 1960, p. 1640

F.

Millich, Photoreduction of Acridine Dyes, PH.D. Thesis, Polytechnic

Institute of Brookiyn, 1959

L. S. Forster, J. Chem. Phys., Vol. 26, 1957, p. 1761

M. Kosha, J. Chem. Phys., Vol. 20, 1952, p. 71

D. S. McClure, J. Chem. Phys., Vol. 17, 1949, p. 905

A. Linkard and M. Weigel, Z. Anorg. Allgem. Chem., Vol. 266, 1951, p. 49
R. Schwartz and K. Tede, Ber., Vol. 60B, 1927, p. 69

A. W. Adamson and A. H. Sporer, J. Am. Chem. Soc., Vol. 80, 1960, p. 3866
H. Wendt and G. Tander, Z. Anorg. Chem., Vol. 259, 1949, p, 309

W. C. Fernelius, ed., Inorganic Synthesis, Vol. VI, McGraw-Hill, New York,
1946, p. 139

W. C. Fernelius, ed., Inorganic Synthesis, Vol. II, McGraw-Hill, New York,

1946, p. 200

48
MISSILES and SPACE DIVISION



—— — [~ —-— - [ ] [\

2-52-61-1

Section 5
CONCLUSIONS

5.1 TASK A, THERMALLY REGENERATIVE SYSTEM

Cadmium, fodinefuel cells operated at 418°C have delivered power densities of

56 mw/cm2 at the anode and 126 mw/cm2 at the cathode.

The open-circuit voltage and polarization decrease with increasing temperature, thus

the optimum operating temperature is a function of current density.

The change of open-circuit cell voltage with temperature, AVr/AT, was found to be
0.46 mV/°K, corresponding to a AS of -21.2 eu over the temperature range 380°C
to 520°C.

The applied pressure of iodine was found to have no effect on the anode but to be
beneficial to the cell voltage and cathode polarization as the pressure was increased.

The optimum pressure is a function of porosity and pore size distribution of the gas

diffusion electrode.

The electrolyte composition was found to have very little effect if the mole percent of

cadmium fodide is kept between 60 and 75 percent.
5.2 TASK B, PHOTOCHEMICALLY REGENERATIVE SYSTEMS
Dye-coated electrodes were found to have some important advantages over soluble dye

systems. The coated electrodes reacted more rapidly to changes from light to dark
and current densities of an order of magnitude higher (200 pa/cmz) were achievable.
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Victoria Blue B, used for most of the investigation with coated electrodes, has a
broad absorption band capable of absorbing about 40 percent of the incident solar

cnergy on the earth's surface.

A free encrgy change of 40.8 kcal was calculated for the activation energy. The
photopotential was found to be a function of the oxidation-reduction potential of reactive
species in the elcctrolyte in contact with the coated clectrode. The photopotential

averages about 0.450 volts or 10.4 kw or about a 25 percent cfficiency.

The current was found to increase with increasing temperature as a result of an
ncrease in the conductivity of the electrolyte of the cell.

The temperature coefficient of the photoinduced potential AT at open cireuit is

1.2 mv/°K corresponding to a AS of -55 eu. The theoretieal effieiency of the electro-

chemical reaetion was ealeulated to be 55 percent.

Assuming 40 perecent of the incideni energy is absorbed, the overall efficiency is
about 5.5 percent if the fuel cell is operated without polarization losses. The eleetrode

potential of dye-coated eleetrodes was found to he independent of wavelength and a

logarithmic funetion of light intensity.

The limiting current was found to be dependent upon both the wavelength and intensity,

The dependeney on wavelength follows closely the absorption spectrum of the dye.
Quantum efficieneies were found to vary inversely with the thickness of the dye coating,

Dye-coated electrodes have, in rather erude experiments, shown a 0. 22—percpnt
power conversion efficieney and have been operational in a regenerative system for
3 months delivering current constantly at a level of 50 ya and Intermittently,. during

light eyeles at 200 pa,
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The rate. of photobleaching of soluble dyes was shown to be considerably enhanced by

the addition of alkali metal halides.

Inorganic complexes of the Werner type are photosensitive, but apparently the
irreversibility of the reaction makes these compounds unsuitable for use In regenerative

systems.
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Section 6
PROGRAM FOR NEXT INTERVAL

6.1 THERMALLY REGENERATIVE SYSTEMS
The program for the next interval will be divided into three phases.

Phase 1 is a continuation of the fuel cell study. The effect of electrode preparation

on the properties of the cathode will be considered. Lifetime and faradaic efficiencies
will be evaluated. This program depends upon the successful construction of a fuel
cell, which will have low resistivity and is gas tight.

Phase 2 will consider the problem of regeneration. This problem may in practice
be separated as follows:

® Decomposition of Cd 12
e Separation of the Cd and I2

The study of the decomposition will be concerned with evaluating the following:

Temperature and pressure coefficients of the equilibrium constant

e

© Temperature and pressure coefficients of the rate constants

o Effect of flow rates

e Catalytic effect, positive or negative,of possible materials of construction
of the walls of the reactor. This will include impregnating the walls

with possibly catalytic active materials.,

A major effort will be made in this area to obtain data on the decomposition of CdI
as soon as possible. The major problem continues to be the design of an apparatus,
which will permit the required measurements and still withstand the thermal shocks

and corrosive materials involved,
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The study of the separation will of necessity inelude the evaluation of the rvate of
recombination of the Cd and 12 to form Cd !2 as a funetion of temperature, pressure,

and flow rate.

Separatlon by quenehing, by thermal diffusion, and by sudden expansion of gas through
a throttling value will be evaluated.

..Phase 3 will eonsider the engineering and design studies. The problems to be eon-

sldcred are deseribed below:

® Compression of the lodine for dellvery to the cell under pressure
# Materials of eonstruction
e Cireulatlon of the materials, gascous lodine, molten salt, and liquid Cd

¢ Design of a complete regenerative system and multiple cells

6.2 PHOTOREGENERATIVE SYSTEMS

This program, to he phased out by 1 Sept 1961, will be eoncerned with eompleting some
of the exploratory program on photosensitive elements and redueing agents and

elucidation of the mechanism of the photoindueed reactions.

The exploratory program will evaluate

® Chlorophyll deposited on an eleetrode or dissolved in a nonaqueous solvent
® Organic materials in the flavine and polyacene class, Materials in these
classes are water insoluble and have been reported to be photoaetive.

® Inorganic semiconductor

Mechanism studies will be conducted by measuring the change in current, which is a
function of the overall rate of reaction, as a function of temperature diffusion path lengths
in liquid and, in the case of solid photosensitive elements, also in the solid. The

effect of temperature on the dark current, which is a measure of the energy of
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aetivation of the dead reaction, will he correlated with the threshold energy of the

photoindueed reaction, which is a measure of the energy of activation of that reaction.

An attempt will be made to establish a unified theory explaining the various phenomena

uncovered in this study.

A complete regenerative system incorporating a fuel cell and regenerator will be

assembled using the optimum conditions as they are now known.

L e R
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Section 7
IDENTIFICATION OF PERSONNEL AND DISTRIBUTION OF HOURS

Personnel assigned to this project and the approximate number of hours of work

j performed by each are as follows:

f Hours
H. Siiverman 500

l S. Greenberg 960
W. Momyer 960

‘ R. Wales 800
L. Williams 806

l Miscelianeous hourly 500
4520

55

i! LOCKHEED AIRCRAFT CORPORATION MISSILES and SPACE DIVISION



CISTSSYIONN (x820) TETIISSVIONN (x340)
SIS =0 uniiisodmng pifioriseTs puw 3y} uo moT3Tsodmos eqATOI309TS PUE
‘amesetd ‘emintsdmes Jo I08ITE &g, ‘eaamssaad ‘sanjexadmes JO 309JI9 SUJ
II0dEy pRTIeEEIoOn StodE DETITWRWTSH
(S92Ep-08 GE0-of WO aowriuog (SHegg-08 &E0-%f ¥l 30BI3u0D)
(T=Tg-2t-2 'n -of i3odsi) {T-t9-g5-2 {4 -af 320d8Y)
$725g-0S VY-TO0-50-68YE ML 1T0O0-80 SH2sQ-08 { M3=T00-60~56VE HawL 1100-60
6€0-9¢ V@ °III =6yt rfosg) satqey -snTTT -Tou 6£0-9€ va °III -65YE *Pox3) *seuEs "emTIT - TouT
-T9-gs-g °II g 55 ‘T0AT Tnr rusmeATIS *d ‘Y T-19-8%-2 'II *d 55 “rofT e CueeSsATIE d CH
‘d'H TUSmIBATIS I ‘WEIEZE TVOINEHD ZATIVEENISEE HVIOS |d°H (UBHISATIS 1 VEISES TVIREED FATLVHEESIONM BVIOS
SUCI1BOTTAAY "EIIDITIR] fsTEa suoT3woTTddy ~ETUIDZTTES ‘ETES
--Bxsuz aeyrog g =fruny fowimon soedp pue BATFRETH --f318Uy JBTOS °Z =fimmg * fowdnmy eoudi puw S3TIERIH
sa1Tddng Jsmog T ‘uptimacdicg IFRInJATY peEeTHoo] sa11ddng asmod T "WorgRandong §RIoITY TESSUNeo]
EEIATSSVIONN - @ETATSSVIONN
= . - AHO\.OV . ISAO
OSSN 8Y3} UO UOT}FSOdmOD 99£T0a309T3 pue (CLAISSYIONN A au3 Vso UOT3TSOdmOD 8347030973 pue
‘sanssaxd ‘sinayvasdms; Jo 309332 ayg, ‘emmssaxd ‘sangexsdmes; Jo 309519 syT,
31048y PaIJISSBTOUN yrodey pepITeswToap
(&%2Sg-0s EEO~GE Yo 3owmajuecn) {(Endtp-08 6E0~0f Vg omriusy|
(T-T9-2¢-8 iy "on 3zoday) (T-T9-25-8 iy -of jaodey]
SH253-08 [ M=ToC~E0=-6EVE xueul iToo-d0 S726g-08 [ ==100-E0-65YE Hwul DLOp=&0
6£0-9% V@ “‘III -GEFE 'Foxd) “sSTqes CEmTE *Touy 6£0-9€ va -III -5EYE [eg) -eSTqw ~En{TT CTamy
T-T9-2¢-2 °II 8 S5 'TeST TRP  uemiaaTIg ‘4 'Y T-19-86-2 ‘II *d 58 TSt Ine cuemIBATIE *d B
"d'H ‘UBENISATIS ‘I ‘NELSXS TYIIMEHG EATIVEDNENEE ¥VINE |a'n ‘UBILISBATIS ‘I TWAIRAS TVOTHEED SATTVEESMIORH gviIos
suotieoiTddy WINISITTED - faTua suotTasoTTddY "WUIOJTTEY "STEA
-~fBasug asvrog ‘2 =hinmg “Suedssy soedg puw ESTIESTH -~f3asuy aerog -2 =foore "Airedesn ORI pITW ESTTESTH
ss1tddng asrog - T ‘uspyesedIod JIRISITY pesiMooT so17ddng asMog T Tmoviwicdio] JIsI0ETY pesYRLOT
CZIJISSVIONN CIIATSSVIONN




e .

o

(e - 5 .ll..liw [N } [ RN [ B
M 3 ' =

GZISISSYIONN

CEIIISST 10NN

“Emraafs afp sTOmMTOs gy S0 BO0 JOT
Poraodes 239 noyyisodmos szdoas
=#=Te P 'Eamivisdmary fhaTmoewy
WETT "gifouTases Jo 08775 o

FEE ‘eapousialiys mmauwnb ‘mroedg
"EPEE Blan 84 aTgvnTos-Iequn pun
siaTdEns ediy-zenasy ‘sadp oTURS4c
wIOENTORET JO sSfpngs TEOTmagD
=DI0Ug CPERTIhOTYE afuwmgs Adoaq
=OE 33 PUE PEIOISENE =NA Lefev
B "PEOTTIQO SEA 9ASV SpOqED

0 _mofem gE1 Jo fipEoep gascd

v pRizedsr asw [ras 1eng TT o

QIIATSSYIONN

QETIATISSYIOND

‘smeysds sAp sqENTOS °yy Jo SUO J0Z
polIodax aae woTarsodmod 99470gq
-03T® pur f‘samjeasdwey ‘AqIsusqut
IUSTT ‘UjBusTeaes JO 309739 SU3
PU® ‘s8TOUSTOTIFS wnguenb ‘migosdg
‘9peEm 3JI34 S8AP STQENTOS-J94BM PUSB
sexo1dmoo sdfj-Jsuasy ‘sofp oIuESIO
STYENTOSUT JO SOTPN3s TBOTWRYD
-030Ug “°pe3eTnoTes 98ueyo Adoaq
-U2 3U3 PUEB DPaINSBSW SBA .H_A\.\md
83U, °*PRUTBIQO SBM BOIE 2POYLED

Jo _wo/mm gzT Jo L3Tsusp gomod

v .@wphommh axe TTs0 Tomg NH ole)

JETLISSTIONN

UETIISST 10NN

2a

*sTorsfs sLp 2TQENTOS ayg JO amo J0J
To3I0dsx sxe uwoTaTsodmod 81 L1703,
-08T® Pur ‘sanjeisdme; ‘A3Fsusiuy
3USTT ‘uzBusTerse JO 3083135 smy
® ‘s3T0USTOTIIe mmauwnk ‘Bxy0sdg
PR sasx salp sTgEnIos-Isaer DPUE
$5%9TdWOd sdL3-Iaulapy ‘sakp oTuBBao
TQBNTOSUT JO SBIPNIS [BOTEAYD
—C30Ud °DPe3BTNOTEOY sFurys Adoaxa
-U3 8y} PuB paInseEem sen LV /5 V
3YL - PSUTBIA0 SBAM BBIE BPOULBO

Jo _wo/rm QzT jo A31suep gemod

¥ .ﬁmphommn aIs T80 Tang NH jelo!

QETITSSYIONN

QEIATSSYIONN

*sme3sAs SAp STQENTOS eyjy JC SUO 303
Pajxodex sxe mwoTyrsodmoo 934TOJa
-087° pue ‘aanyeaadmey ‘KqTsuequf
USTT ‘U3BusToa®m JO 308I3® U3

Pue ‘s3TOUSIOTIIe wmiauwenb ‘wIgosdg
TEPRW aJom sSApP STUBNTOS-I99BA DUS
soxoTdmos odfg-xauasy ‘sefp oTueSJo
3TQEBNTOSUT IO S3TPNAs TROTWRUD
-030Ug “*PpeirTnoTed sSueyo Adoxs
-U® 9Uy3 pue peansesw sex LV /I V
YL, °POUTBIQO SBM BIIR IPOYLIBD

Jo Su\kﬁ 92T Jo A3isuep Jamod

v .@mpuomu& aI®B TT20 Tong NH ')




QEISISSYIONN (x820) QET ATSSVIONA (230)
SU2 U0 GOT3TSOdmMOd 83ATOI3O8T® PUB 943 uo UoT3Esodmos 23ATOI3OSTS PUB
‘eansssid ‘samzbasdmes Jo 30933 oy ‘aansssad ‘sangeasadmes JO 3099F7° UL
1I0d8¥ PRTSTSSBIOUN qx0day DSTITISSETOUN
(€4268-0s 6£0-9€ VO 39Ba3uU0D (Shesg~0S 6£0-9E V@ 310BIGUOCD)
(T-T9-26-2 {# *OoN 3x0day) (T-19-26-2 f -on 3x0day)
mdmmmnom (/O-TCO~60-66VE ¥SBL {TO0~-60 Ct269-0s (+HO-TOO-60-66VE ¥seL fTCO-60
6€C-Ot ¥C III | -56¥E ‘foad) *so1q®3 °SNTTT "TOUT 6£0-9€ VQ "III -66VE ‘foad) *seTqe} *STTT “TOUT
o JmT9mEE-T II ‘d 95 ‘TGET NP CUBRMISATIS ‘d H T-T9-26-2 "I -d G§ ‘T96T TP URmISATIS ‘d "H
‘CTE TUBRISATIS ‘I ‘YEISAS TVOIITHO ZATIVEANAOEM ¥VIOS [d°H ‘UBLISATIS I ‘WAISAS TVOIWMHD FATIVVENTDHY ¥VIOS
sucieoFTaay *BIUIOFTTB) ‘STBA snot3eotTddy *BTUJIOITTED ‘oT®er
--S3ssuz zeros ‘2 -fuung ‘Lusdwmo) soedg puB SSTISSIN --fBIsuyg avTOS 2 -fuung ‘Auedmo) ooedg pue SSTISSTIH
ss7Tddng Ismoe ‘T ‘20722304300 2IBIDATY DPooUNSO] so1Tddng asmod T ‘uo13eI0dI0) 1IBIDITY POSUNOOT
EIITISSTIONN @CETJISSYVIONN
EIIISSYIONN (281.0) . CETITSSYIONN (23n0)
BYT U0 TUOTITSOCHOD 83ATOI3O9TS puw 83Uy UWO UWOT4Tsodmod 94ATOJILDSTS PU®B
‘aanssaxd ‘sxngvasdmey JC 309139 oyl ‘ornssoxd ‘eamyersdmey JO 309II8 OUL
130dsx peTITsseIOUf qxodsy peTJISSEBTOUN
(€%25Q-0S 6E0-9E VQ 30BIZUOD) (Sh2Sp-0S 6EC-9E V@ 30BIUOD)
(T-T9-26-2 ‘# "ON 3x0day) (T-T9-26-2 ‘4 "ol 3xoday)
¢h2Ge-0s (%0-TCO-60-66VE ¥sBL fT00-60 SH258-08 (H0-TO0=-60-66VE HSBL TOO-60
6£0-92 va °III -65¥c -foxd) -saTq®3l °*SNTTT "ToUT 6£0-9t V@ "III -66vE -foad) -soTqey “SNTIT "TOUT
T-19-2¢-2 "Ir €SS T9AT TnL UBLISATIS °d "H T-T9-36-2 °II ‘d §§ TQAT Tnf CUBWILATIS *d ‘H
"dUH FUBmISATIS I ‘WEISIS TYOTIEHD EATIVEINIOFE WVIOS |d'H ‘uewieaTis °I ‘WHISAS TVOIWEHD MATIVMENIDEM YVIOS
stoiyBoTTdAY “BTUJIOJITTB) ‘oTBA suotaysot1Tddy *BIUJIOITITED ‘oT®A
-=-fBasuxg aerog -2 ~fuung ‘fusdwo) s9°dg pu®B SSTISSTH --AFasuyg aBIOS °2 =fuung ‘ALurdmo) 20wdg puB SSTTSSIH
sertddng asrod ‘T ‘LGor3BsIodio) 3IBIDATY DoaYO07] saTTddng assod T ‘uorgeIcdIO) 3IBIDITY POSUH00OT]
CEIALSSVIONN CITATSSYIONN

e iy,

—

e L ] o Sum— - - 3




J
tH '

=&

QEIJISSYIONN

CEIJISSTINNN

‘w=piedls aln PTOERTOR By3 Jo oW 303
pEjacdss =i oapyjecdms exiToay
=3=Te puE ‘sinivisdmey ‘A3 7eusoul
INETT ‘uiSustoawn o joszze ey
oY ‘EEousioTiIs mmjuwnh ‘Eriosdg
‘SPEDN &8s 380D elgEmToe-Isius poE
sErFidnow SSifj=laniapy ‘Ealy sfunHic
ETOETITOEOT J0 SETIN3:E TUDFEERQ
~0AFES  “PEATIROTREY &Fumyp fdoay
~Us S5 PUO PAINEDME FEA IV /Y
WL CPEOTERL00 FEA WRSE SPOulEo

0 uHU&aH a1 Jo Ly1susp Jasod

W ospnyIodal aLw TTeD Tong mH iy

QEILISSYIONN

QETJTSSVIONN

*sma3shs sLp STQENTOS 3Y3 JO |0 I0F
poqaodax axe UOTATSOdmOD 33ATOIL
-0aTe pur ‘aamjeasdmay ‘A3 TSUSRUT
U371 ‘yzSusTanrem JO 303738 IL
pue ‘saTousiolire umjuenb ‘eijosdg
*9pew oJ94 SSAD STQBNTOS-J83B4 PUB
soxa1dmoo adAg-IouaspM ‘sa2£p OTUB3IO
STQENTOSUT JO S3TPN3}S TEeITWSYD
-oq0yg *psjeTnoTes 9B3ueyo Ldoaz
-us syy pue paansesw Ses LV /EV
3y °PeUIBlAO0 SBM BIIE SPOYLED

Jo _wo/sm ggT Jo A3fsusp ganod

v .dﬂpuommu aa® TTsO Tong NH jole]

JET&ISSTYIONN

QELJISSYIONN

2a

‘gTarshis sLp 8IQENTOS 8y3 JO SUO J0J |

vajIodas s3® uoj3jsodwmod s3AhToxa
-05T2 PUs ‘aamieasdmsy ‘A37Susjul
34331 ‘uzFusTesr®r JO 30523s SU3

Tus ‘ss3ousyoisis wnausnt ‘eagosdg
*SPTI 9X5M SaLP SIUTNTOS-I22BL DUE
ssxa1dmoo sdf3-xduxay ‘safp ojuwdio
STABNTOSUT GO S3TPN2s TBOTLAUYD
-030Uugd °*pe2rB’TNOTED a8uryd Ldoas

-us 2y3 Tus paanswsw sem LV /T
8y, -PsuUTTIqO SBM ®WAIB SPOUIED
3o _wo/mm ogT JOo A37susp gomod

v  -pSyzodaz sx® TTSD Teng °1 v

QETITSSYVIONN

QETJISSVIONN

- sme3sAS 2Ap 9TUENTOS 8Y3 JC SUO J0J
poqaodex oae uotyrsodmoo 234T0I%
-o8Ts pue ‘sangeaadmeg ‘A3TSUSRUT
JU3TT ‘Hjfussa®A JO 302338 SUL
pue ‘seTomsyoljge mwmauenb ‘Ba1osdg
*opem eJaes ssAp STQEBNTOS-Id}BA PUE
soxaTdmoo ad43-asuaay ‘sadp OTUEBJIO
8TQENTOSUT JO SSTPN3s TEOTWSUD
-0qoyg - peaETnoTE? a8ueyd Adoag
-us oyy pue paansesw sen IV /IV
8y, °PouTeB3}qO SBM BIIB SPOUFED

Jo _wo/sm ggT Jo A3Tsusp Zamod

v .@mpuogvn aae TTo0 TenJg NH j5)




T o

@EISISSYIONN (=3:0) TITJISSVIONN (a3a0)
Y3 U0 TWOT3FSodmoD 83A 030973 pum 843 uo uworajsodmos 23LToIyosTe PUB
‘sansssxd ‘aanjsaadmey Jo 3083138 ayg ‘aamsssad ‘sanjexsdmen Jo 308372 9YJ
2J043% pPeiTsseTou faodsy. pelIresaioap
(€42€g-08 6£0-9€ Wi 3awasne] {£928g~08 EEo—-gE WO SomI3TOY)
{(1-T9-2¢~c ‘4 "ou aoday ) (T=1H=-2C=2 fn o =doal=y)
cHesg-0s (7O~TCO~60~66VE HERL fToG-£0 SHese-0s { Mo=TOO-60~-66VE WETL I TMO-60
6£C-0t VC ‘III ~56vE "fozg) -ss1gwy cEnTLT "T=UR 6£0-9¢€ Vva °III =G66VE “{0Ig) “EaT4w} "WhITT “TOu]
T~T9-g5-2 I "d S5 ‘TOAT Ty ‘UEEImATIE ‘g T-19-2¢-2 'II A 55 “IpET TRy -TEmIeATIE ‘4 ‘b
=g Nnmu.ﬁm.mc&w I ‘YEISIS TVOIITGD AAIVESIEOEE EVIDS [d°H ‘UBMISATIS °T "HEISIS TVOIRERD SATIVHEESIEY HYICS
sus72wo7TadY “WILIDITIEY TeTwa suoT3®o TTddy *WIUIOITTED fSTEA
--Sasuz zereg -z -fuung ‘fuedmo) somds pub EeTTEE:H ~-f3aduy IBTOS °Z =Lmmng - f Aueinog eowdg puy esTISEIW
SSTIRANS a8moE T ‘uorjescdIc) IIMISITY PEAEEOT s81Tddng Jamod T 'opaerodadn IwIoaTy DecuNoDo
GEISISSVIONN @EITATSSVIONN
=T SISSYIONA (G . QETIISSYIONN (T2n0)
&Yl uo TwopLjsodwmod 934 Toa303T5 pus 343 uo uoTarsodmod 24£T0J3.09T> pUE
‘aamsssxd ‘samavisdmen &0 303338 a8y ‘amsssad ‘eanyeradmey Jo 108JJ° ayJ
Iiodsy PR ITESETON[ ey ey iteaeToan
(EmEsE-08 6E0-of VO som3juon) (5424Q-28 6E0-9E wa jomajued)
A T-18-25-E !4 ‘o) 33odeg) (T=-T9-B5~E fy *oOf Iroday)
E4ceg=0s | W=TOO=E0-E6VE dEwl 1PH0-E0 SH7258~08 [ HO-TOO-E0+6EVE WER], T00—50
6£0-97 ¥O III -65vt  “foxd) "eafmea ‘T TV 6£0~9¢ Vd °III —=0bY¥E *foZg) ceageq “=RLTT -]
T-19-g¢-2 ‘II ¢SS 'TEST TP CUSEIBATIZ ‘d ‘B T-19-2%~2 "II *E 55 ToAT NP uEmISATIE ‘d ‘H
g UBMIBATIS ‘I ‘WEISES TYOIIWHD ZATIVEINIOTY HVI0S [d'H ‘UBNISATTS 'I "WEISIE "IVOINEHD SATIVERNIORE Wi
SuCT38oTTdE "ERUISITTED ToTma suotgeoTTddy "WIISOFITED: ‘=T34
~--Za3uz Iwyog -2 ~Luung ‘fueison asowdy pus BRTISETH ~~A3Isuy aevLOg -2 ~Ammg “foedmog sowdy poe ESTTESTH
s81Tddng Isrog ‘T ‘uotgmsnidios jiwInaTy RS s8TTddng asMog - ‘UoTIsacdio) 1IEIGITY DEERE 0T
CIIATSSVIONN CIIALSSYVIONN

.



T —

QETIISSVIONN

CEIITSSTIONN

‘smalsAs SAp 3TgEnTos SyY3z JO SUO JIOF
PajIodaz aa® moTlTsodwod 99£Toag
-03T® Pue ‘sanjeasdmsy ‘A3ysusiut
IUSTT ‘U3BusTsses JO 1091J8 au3
Pue {saTOUSTOTIIe wmjuenb ‘eryosdg
‘9pem sIem SaADP STQENTOS-JI93BR DPUE
so¥aTdmod adAg-~aauasp ‘sahkp OTuBlac
STQENTOSUT JO SaTpnis TeOIWSYD
-030Ud -Ppa3BINOTED 9B8uryo Adoxy
-U® Y} PUE PaINSEAW SBA LV /H V
3yl °POUIRIqO SBA BaIE® IPOYLIED

Jo _uwd/rm ggT Jo A3Tsusp gomod

v o wunommn axe TT9° Tang NH hofe)

TETIATSSYTIONN

TIIJTSSYIONN

*swagshAs sAp sTQBNTOS 3U3 JOo suU0 I0Z
pajaodsx axe uwoTaIsodmon 83ATOIL
-09Ta pue ‘sanjeasdmay ‘A3TSUS4UT
JUSTT ‘ylBusTesws JO 303971F9 °UI
Pu® ‘saTousToflIe wmauenb ‘exzosdg
" OpPEm 3I8r SaAP STQENTOS-Id3eM PUE
saxoT1dimod adf3-asuxsy f‘sslp dTUBIIO
3TQBNTOSUT JO SSFPNS TBROTWAYD
-o0q0Ug °PpejeTnoTes a8ueyn Adoay
-Us Sy3 pue painsesm seM LV /EV
3y, °PpauUTB1IqO SEM BAIE SPOUIBO

Jo _wo/mm 92T JO A3TSusp Mmzom

v .@wvhommn axe TTso Tant “I PO

JETHISSTIONN

QELLISSTION

2

*SWILSAS SApP 2TQENTOS aY3} JO SUO I0JT
Pa3Iodal 818 uwofarsodmos s3ATox]
-08T@ pu® ‘asanjeasdmesy ‘A3 TSuLqUT
3USTT ‘uj3usTasem JO 303139 SUL

TTE ‘s8fousTorige umausnt ‘eagoadg
‘3PTm axsM SILP STABNTOS-I93EBL PUB
sexaTdmod adf3-asuxsy ‘sahp oFurBao
9TQBNTOSUT JO SaTpnas TBOTWSYD
-020U4 *PpPe2BINOTEY a%umByd Ldoaa
-us 2y} pue psansssm sem LV /ZV

9y, °‘PIUTEBIQO SBM BIIEB DPOUIRD

o _wd/sm 9zT Jo A3Tsusp Jamod

v  +pSj1odes aie TTS° Tang NH 150}

THETITSSYIONN

QETJTESSYIONND

*swa3sAs 2Lp STQENTOS 2yl JO suo a0t
Ppes3rxodsx sae TOTATsodwmoo S3ATOIL
-0372 pue ‘sangexsdmsy ‘A3TsSusiul
JYSTT ‘UjBusTesea JO 10335 2L
pue ‘saTousTollye wnijuenb ‘exiosdg
‘opem sIoM S3AP STQUENTOS-I23EBA PUE
sexaTdmoo adAy-JsugsM ‘sekp OTUE3IIO
8TQBNTOSUT JO S2TPN3S TEeITWSUD
-0%0Uug *PpejeTnoTe? a8usyo Adogg
-Us syj pue psinsesm SsBA LV /IV
Y], "PaUTel1qO SBM BIIE SPOYIED

Jo _mo/mm gz Jo A3Fsusp Iemod

v +pSx0dex sxe TT®O TenI °T 1D




UNCLASSIFIIED

UNCLASSIFIED




